ABSTRACT
CALORIC RESTRICTION (CR)3 CAN MARKEDLY increase average and maximum life span in several species and provides an excellent model to study the biology of decelerated aging in mammals (1, 2) . Life span extension is observed in animals started on CR at very young ages as well as in mice started on CR in midadulthood (12 months of age) (3). The principle behind CR is to reduce the total caloric intake while maintaining sufficient intake of all other dietary essentials.
The mechanisms by which CR extend life span remain unknown; however, one hypothesis is that CR reduces the total amount of oxidative stress within an organism by altering mitochondrial metabolism (4, 5).
Many mammalian species, including humans and rats, exhibit an age-associated decline in muscle mass (6-9).
Muscle mass loss with age, recently termed "sarcopenia", has been the focus of renewed interest because of its likely contributions to physical frailty in older persons (10). The etiology of sarcopenia is unclear, although several hypotheses have been proposed including contraction-induced injury (11), decline in satellite cell repair and innervation (12), motor unit decline (13), and increased oxidative stress (14) . CR has been found to reduce the rate of age-related skeletal muscle mass loss in soleus, antenor tibialis, extensor digitorum longus (EDL), and hindlimb muscle of rats (15) (16) (17) . This may occur through a lowering in the production of reactive oxygen species by mitochondria (14). Mitochondria are implicated in general aging processes as well (e.g., 5, 18-21).
Approximately 2-3% of oxygen consumed is converted into reactive oxygen species as a by-product of the normal operation of the electron transport system (ETS) (22). These reactive oxygen species can damage cellular macromolecules.
The mitochondrial genome may be especially prone to oxidative damage because it is attached to the inner mitochondrial membrane (23), which is the site of the ETS. MtDNA is unprotected by histones (24) and is estimated to be 16-fold more susceptible than nuclear DNA to oxidative modifications (25).
Histological evaluation of mitochondrial enzymatic activities has revealed abnormalities in a broad class ' These authors contributed equally to this manuscript.
Correspondence: 1655 Linden Dr., University of Wisconsin, Madison, WI 53706, USA. CR, caloric restriction; ETS, electron transport system; COX, cytochrome c oxidase; SDH, succinate dehydrogenase; RRF, ragged red fibers; ADL, adductor longus; EDL, extensor digitorum longus; PCR, polymerase chain reaction; WT, wild type; Y, young.
Vol.11
June 1997
The FASEB Journal ASPNES ET AL. DNA was isolated from the ADL, soleus, EDL, and epitrochlearis muscles using a modified guanidinium method described previously (39). Total DNA was resuspended in 50 tl of TE buffer (10 mM Tris, 1 mM EDTA, pH 7.4) and stored at 4#{176}C.
Nonnalization
of mtDNA Southern blot analysis (58) using DNA probes specific to rat mtDNA was performed on all samples for normalization. Total DNA isolated from the muscles was digested with EcoRI (Promega, Madison, Wis.), size fractionated on a 1.0% agarose gel, and transferred to a nylon membrane. A polymerase chain reaction (PCR) amplified control region of the wild-type (WT) mitochondrial genome (from nts 14263 to 15142; see below for PCR conditions) was used as the probe. The PCR fragment was labeled with a"P-dCTP ( 
Amersham, Arlington
Heights, Ill.) by nick translation (58) to a specific activity of 1 x 106 or greater. Filters were prehybridized for S h in 5XSSC
(750 mM NaC1, 75 mM Na,Citrate), 0.1% SDS, and lx Denhardt's (100 mg Ficoll, 100 mg polyvinylpyrrolidone, 100 mg bovine serum albumin in 10 ml of water) at 68#{176}C before addition of the probe. Hybridization took place in a Hybaid hybridization oven (National Labnet Co., Woodbridge, N.J.) at 68#{176}C overnight. Washes were performed at 68#{176}C with decreas- Initial PCR reactions contained 0.1 LtM of each primer and 100 l.LM dNTPs, 1.5 mM MgC1,, a normalized amount of starting mtDNA as template, and 0.052 U of Taq polymerase (Promega) in a 25 p1 reaction. PCR conditions consisted of preheating at 80#{176}C for 7 mm before the addition of dNTPs, then 30 cycles consisting of a denaturation at 94#{176}C for 25 s, annealing at 60#{176}C for 25 s and extension at 72#{176}C for 1.5 mm. A final extension at 72#{176}C for 5 mm followed the cycling. Nested amplifications were identical to the initial amplifications except that 1 p1 of the initial reaction mixture was used as the template and 10 cycles were performed. Amplifications were carried out in a Thermal Cycler GeneAmp PCR System 9600 (Perkin-Elmer, Norwalk, Conn.). PCR products were size fractionated on 4.0% NuSieve gels (FMC, Rockland, Maine)
and visualized by ethidium bromide staining. The PCR reactions were repeated at least twice with very similar results. The number of mtDNA deletion products was determined for each sample by counting visible bands on the ethidium bromidestained gels.
Primer shift experiments were performed on all samples to ensure that the PCR products seen were not the result of primer missannealing. A second set of primers (6022 and 15078) was used in conjunction with the nested PCR primers (5974 and 15142) for the primer shift experiments.
PCR products not the result of missannealing should shift appropriately in size when different sets of primers are used. The large majority of the PCR products shifted as expected (data not shown).
Statistical analyses
Fiber number in the vastus lateralis samples from young and the experimental CR,5 and CR groups was analyzed by ANOVA, followed by pairwise comparisons between the three groups using Fisher's PLSD procedure (60). Log linear modeling with Poisson error (61) was used to compare statistically the numbers of COX and SDH fibers as well as the number of type I fibers per vastus lateralis from the CR,5 and CR rats.
The Kruskall-Wallis and the Wilcoxon signed rank test were used to analyze the number of deletion products between CR,, and CR50 samples within a muscle group. Statistical significance was set at P < 0.05. All statistical computations were performed using Statistical Analysis System software (SAS Institute Inc., 1990).
RESULTS

Fiber number
Entire cross sections of the vastus lateralis midbelly were counted from photographs of fibers stained for COX activity. Two young, four CR35, and four CR50 samples were analyzed.
As shown in Table 1 , the CR35 rats contained significantly fewer muscle fibers than did the CR50 rats (30% difference;
P<0.05).
No significant difference was observed in the number of fibers between the CR50 and young rats. 
Fiber type composition
Fiber type differences were also evaluated in vastus lateralis from young, CR3, and CR5)) rats (Fig. 1) (Fig. 3) . Few mtDNA deletion products were detected from the young rats (reactions not shown in Fig. 3) ; however, many mtDNA deletion products were observed in the old. The individual deletion patterns differed among samples and no apparent common deletion products were seen. The intensities of the deletion products also varied, suggesting that some deleted genomes were more abundant than others. The pattern of intensities did not appear to differ between the CR:ss or CR50 groups.
The deletion products visualized on an ethidium bromide-stained agarose gel were counted and graphed (Fig. 4) . The ADL muscle groups contained deletion products ranging in number from 0 to 1 in theYrats (see Fig. 4 for mean±SEM; n=4), 6 to 15 in the CR35 rats (n=16) and 4 to 9 in the CR50 rats (n=12).
The range of deletion products in the soleus was 0 to 1 in the Y rats (n=4), from 5 to 21 in the CR35 rats (n=15), and from 3 to 9 in the CR50 rats (n=12).
In the EDL, deletion products ranged from 0 to 1 in the Y rats (n=3), 4 to 14 in the CR35 rats (n=11), and 3 to 12 in the CR50 rats (n=11). Epitrochlearis mtDNA deletion products were not seen in the one Y rat studied, but ranged from 3 to 12 in the CR35 rats (n=1l) and from 2 to 8 in the CR50 rats (n=9).
There were statistically significant differences in deletion product numbers between theY and both the CR35 and CR50 rats in all muscle groups examined (P<0.0004).
Further, there were statistically significant differences in deletion product numbers between the CR35 and CR50 rats in the ADL and soleus muscle groups, with the CR50 groups containing fewer deletion products (P=0.006 and P=0.002, respectively).
DISCUSSION
We evaluated age-related changes in skeletal muscle of rats subjected to CR in late middle age. We chose NuSieve gel were counted and plotted for each age/diet group. The mean ±sEM is located under each age/diet group.
age-associated skeletal muscle loss, others have not (65, 66). This discrepancy may derive from differences in diet strategies and rat strain (male Fischer 344 rats were used in the latter two studies).
Restriction initiated at 17 months reduced the loss of muscle fibers. Based on cross sections through the midbelly of the vastus lateralis, there were 30% fewer fibers in the old CR:ss rats as compared to the CR50 rats. This age-related loss in fiber number accords with human studies in which 25 and 39% declines in total vastus lateralis fiber number were reported to occur between 19 and 73 years, and between 15 and 83 years, respectively (6, 8). Studies in rats also describe an -30% reduction in quadriceps mass (of which the vastus lateralis is one component) when 10-and 28-month-old animals are compared (9, 67). Our data imply that the majority of fiber loss is occurring at middle age or later in these rats. Fiber type composition is widely studied as a function of age in various human muscles (6, 8, 68, 69) and rats (7, 9, 70, 71 
